A 41 -kD DNA binding protein with a basic pl was purified from chloroplast nucleoids in photomixotrophically cultured tobacco cells, and its amino acid sequence was determined. Using this sequence information, its cDNA (CND41) was isolated, and its nucleotide sequence was determined. The predicted amino acid sequence of CND41 has a transit peptide of 120 amino acids and a mature protein of 382 amino acids. A distinctive helix-turn-helix motif in the lysine-rich N-terminal region of the mature protein and an aspartyl protease active site motif were predicted. Expression of a series of truncated CND41 proteins in Escherichia coli indicated that the lysine-rich region is essential for DNA binding and that CND41 nonspecifically binds chloroplast DNA. Protein gel blot analyses showed CND41 mainly in cells and/or tissues containing nonphotosynthesizing, actively growing plastids. In addition, the accumulation of chloroplast transcripts in these cells and/or tissues (e.g., transcripts for Qe binding protein of photosystem II [@A] and large subunit of ribulose bisphosphate carboxylase [rbcL]) was negatively correlated with the accumulation of CND41. Analyses of cultured cells of transgenic tobacco with reduced CND41 levels showed a higher leve1 of expression of chloroplast genes compared with that of the wild type. We discuss the possible function of CND41 as a negative regulator of chloroplast gene expression.
INTRODUCTION
Plastids, which are organelles unique to plant cells, bear their own genome, which is organized into DNA-protein complexes (nucleoids) similar to those found in bacteria. Regulation of gene expression in the plastid has been investigated extensively because this organelle plays an important role in photosynthesis. In addition, transcriptional, post-transcriptional, and translational regulatory mechanisms have been shown to control gene expression in plastids (Gruissem, 1989; Taylor, 1989; Mullet, 1993; Mayfield et al., 1995; Kudla et al., 1996; Yang et al., 1996) .
However, few attempts have been made to characterize the regulation of plastid gene expression at the chromosoma1 structure by using plastid nucleoids. Differences in the patterns of the plastid nucleoids in chloroplasts and those in chromoplasts, etioplasts, and proplastids suggest that the form of DNA packaging in plastid nucleoids may be linked with transcriptional control of plastid gene expression (Hansmann et al., 1985; Reiss and Link, 1985; ' Current address: Graduate School of Biological Science, Nara Insti- tute of Science and Technology (NAIST), Ikoma, Nara 630-01, Japan. *To whom correspondence should be addressed. E-mail fumihikot3 kais.kyoto-u.ac.jp; fax 81 -75-753-6398. 1988 ). DNA binding proteins have been reported in plastid nucleoids (Nemoto et al., 1990; Sato et al., 1993) . lnformation regarding the function and structure of DNA binding proteins in plastids is limited. A 115-kD protein that seems to bind specifically to a region between the largesubunit of ribulose bisphosphate carboxylase (rbcL) and p subunit of ATPase (atpB) has been detected in pea chloroplasts (Lam et al., 1988) . Furthermore, a 130-kD protein in the inner chloroplast envelope membrane is thought to be involved in the binding of the chloroplast DNA of actively dividing chloroplasts in young pea leaves . Severa1 other proteins are also believed to have structural roles in packaging chloroplast DNA within the plastid nucleoids (Nemoto et al., 1990) , and some subunits of RNA polymerase have an affinity for DNA (Little and Hallick, 1988) . The nucleotide sequence of only one DNA binding protein present in plastids has been identified, the Escherichia coli RecA homolog that is essential for DNA repair and recombination (Cerutti et al., 1992) .
Previously, we established a method to isolate chloroplast nucleoids from photomixotrophically cultured tobacco cells with actively dividing chloroplasts (Nakano et al., 1993) . Electron microscopic observations, DNA gel blot analysis, and run-on transcriptional activity in vitro indicated that the (Nakano et al., 1993) . The protein was electroblotted onto rnembranes, and its N-terminal sequence was determined. The blotted protein was also digested in situ, and the amino acid sequences of its polypeptides were separated by reverse-phase HPLC and identified. Using the internal amino acid sequences, two oligonucleotides were synthesized and used as probes to screen a cDNA library of cultured green tobacco cells. The seven clones obtained had identical restriction fragment patterns. The longest clone, with a 1.6-kb insert, was sequenced in both directions. The cDNA had an open reading frame of 502 amino acids, giving a calculated molecular weight of 53,300 ( Figure 1 ). All six of the N-terminal and internal amino acid sequences determined were present in the deduced amino acid sequence, indicating that the full-length CND41 consists of a transit peptide of 120 amino acids and a mature protein of 382 amino acids. It has a calculated molecular weight of 40,500.
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two regularly spaced pairs of cysteine in the putative zinc finger motif. The polymerase chain reaction primer annealing site for the construction of the E. coli expression vector for truncated CND41 is indicated by the underlined nucleotides. The nucleotide sequence data reported in this study has GenBank, EMBL, and DDBJ accession number D26015. Figure 2. Sequence Alignment of CND41 and Mucopepsin (Pepsin; Grayetal., 1986).
The protease motif is boxed, and the active aspartyl residue is underlined. Colons indicate identical residues, and dots indicate homologous residues. Dashes optimize the sequence alignment. Numbers from the N-terminal amino acid residue of mature CND41 and of premature pepsin are given along the corresponding sequences.
No significant homology to other known genes was found in several databases (Swiss Prot, PIR, GenBank, and EMBL). Homology was checked using the FASTA (Pearson and Lipman, 1988) and BLAST (Altschul et al., 1990) programs. However, some aspartyl proteases (e.g., mucopepsin, EC 3.4.23.23, and cathepsin, EC 3.4.23.34) showed ~26% identity to CND41 over 380 amino acid residues (Figure 2 ). Interestingly, the active site of these proteases was completely conserved in CND41, whereas protease activity of CND41
was not yet determined. A short cDNA fragment (441 bp) analyzed by random cDNA cloning and sequencing from Arabidopsis (GenBank and EMBL accession number T04706) also showed homology to CND41.
Structural prediction programs indicated that CND41 has several distinctive features. Hydropathy analysis of premature CND41 by the method of Kyte and Doolittle (1982) suggested that the N-terminal region is highly hydrophobic, whereas the region including amino acid residues 121 to 138, which is the same as the N-terminal region of the "mature" CND41, has many lysine residues (10 of 18 residues) and is very hydrophilic (Figure 1 , amino acids in white type in black box). Ten of the 30 lysine residues in the mature CND41 are found in this region. Further analysis of the peptide's secondary structure indicated that this region forms a helix-turn-helix structure (see Discussion) and that a zinc finger motif is also found in CND41. Two regularly spaced pairs of cysteine residues are located in the region from amino acid residues 210 to 233 (Figure 1 , boxed amino acids).
Detection of the DMA Binding Domain of CND41
To determine which domain in CND41 carries the DNA binding activity, precursor and partially truncated proteins were expressed in E. coli. Whereas the precursor protein was not expressed well in E. coli (data not shown), truncated proteins lacking the hydrophobic region of the transit peptide were abundant. All of the expressed proteins were found in Triton X-100-insoluble fractions. DNA binding activities were analyzed by protein gel blot and probed with DNA after the proteins were made soluble in SDS-PAGE loading buffer. Figure 3 shows that a protein encoded by pCNDAI -62 (lanes 1), which lacks only the hydrophobic region of the transit peptide of precursor CND41, and a protein encoded by pCNDA1-120 (lanes 2), which is the same as mature CND41 (lacking all of the transit peptide), were expressed and had DNA binding activities. Although the proteins encoded by pCNDA1-160 and pCNDA1-259 were successfully expressed in £ coli, those proteins that lacked a lysine-rich region had no DNA binding activity. We conclude that the lysine-rich Lane M indicates the molecular mass marker, whose sizes are given at left in (A) in kilodaltons; lanes C contain the crude lysate of the E. coli control; and lanes 1 to 4 contain proteins expressed in £ coli harboring pCNDA1-62, pCNDA1-120, pCNDA1-160, and pCNDA1-259, respectively.
probe ( P-labeled chloroplast DNA fragments (Ba8, Ba4, Ba9, Ba3, S6, Ba1, Ba7, Ba11, Ba5, and X6) and plasmid DNA (pBR322). Molecular mass markers are indicated at left in kilodaltons. (C) DNA binding affinity of mature CND41 expressed in £ coli (lanes C) and calf thymus histones (lanes H) with the 32 P-labeled promoter region (-200/-100 and -100/-1), the transcribed region ( + 1/ + 100) of psbA, synthesized poly(dA-dT)-poly(dA-dT), or poly(dG-dC)-poly(dG-dC). The protein gel blot analysis was performed with different concentrations (0.5, 5, and 50 pM) of the 32 P-labeled probes in blotting buffer. region, which may constitute a helix-turn-helix motif, is essential for the DNA binding activity of CND41.
Specificity of CND41 DNA Binding
To determine the DNA binding specificity of CND41, 10 chloroplast DNA fragments were reacted with mature CND41 expressed in E. coli harboring pCNDA1-120. These fragments encoded photosynthetic genes, ribosomal genes, the putative replication of origin, and several other genes , which covered ~100 kb of the entire tobacco chloroplast genome (155 kb). As shown in Figure 4 , all of the chloroplast DNA fragments as well as the nonchloroplastic plasmid DNA fragment bound to CND41 and histone.
To estimate the DNA binding affinity of CND41, different regions of psbA and synthesized oligonucleotides (poly dG-dC, poly dA-dT) were reacted at several concentrations. CND41 bound all of the probes with an affinity similar to that of histone ( Figure 4C ). These results suggest that CND41 would bind chloroplast DNA nonspecifically.
CND41 Protein and Chloroplast Transcript Accumulation in Plant Tissues
Accumulation of CND41 in various plant tissues (leaf, stem, and root), nonselected cultured green cells, and selected photoautotrophic strain (Nl; Yamada and Sato, 1978) cells (photomixotrophic, photoautotrophic, and heterotrophic cells) of tobacco was compared to determine the expression of three gene transcripts encoded on the chloroplast DNA ( Figure 5 ). CND41 was abundant in heterotrophic Nl, photomixotrophic Nl, and nonselected green cells cultured on medium containing sucrose and also in the stems. High CND41 accumulation coincided with low accumulation of the mRNA for the psbA, rbcL, and the rRNA (16S rRNA) encoded on chloroplast DNA. However, there was little accumulation of CND41 in photoautotrophic cultured Nl cells and leaves. Very low accumulation of CND41 in these cells coincided with high accumulation of psbA, rbcL, and 16S rDNA transcripts, except in the root, where no photosynthetic activity was found to occur.
Copy Number for Chloroplast DNA
Because chloroplast nucleoids are thought to consist of chloroplast DNA and CND41, the copy number for chloroplast DNA per cell in tobacco cells was determined to examine the possibility that CND41 is a simple structural protein of the chloroplast nucleoid. Selected cultured tobacco Nl cells had a high chloroplast DNA copy number per cell (i.e., 10,000 to 26,000), whereas the roots had a very low copy number (<600) (Cannon et al., 1985 ; Figure 6 ). The chloroplast copy in nonselected cells was similar to that in leaves. Total tobacco protein was separated and immunoblotted with the anti-CND41 antibody. Total tobacco RNA was separated and blotted with the psbA, rbcL, 16S rRNA, and 25S rRNA gene probes. L, leaf; S, stem; R, root; C, cultured green cell; PM, photomixotrophic cultured cell; PA, photoautotrophic cultured cell; HT, heterotrophic cultured cell.
The lower correlation between the copy number of Chloroplast DNA and CND41 accumulation in the cell indicates that CND41 is not a simple structural protein in the Chloroplast nucleoid (see Discussion).
Transgenic Plants Transformed with CND41 Antisense Genes
To determine the possible in vivo functions of CND41, the antisense expression vector was constructed and transferred into the tobacco genome by using the Agrobacterium system. Transformants were screened by the amplification of inserted DNA by using polymerase chain reaction, and transgenic plants that had reduced levels of CND41 protein in their leaves were selected by protein gel blot. Transformant R22 accumulated the least amount of CND41 among all of the transformants tested, and R28 had the second least amount. R22 contained two copies of the antisense CND41 transgene, and R28 contained one copy, as indicated by restriction fragment analysis on DNA gel blots of genomic DNA hybridized with the CND41 cDNA fragment ( Figure 7A ). Cultured cells were induced from leaves of these two antisense transformants and from control plants to conduct a detailed analysis. Low accumulation of CND41 was confirmed in antisense transgenic cultured cells ( Figure 7B ). Analysis of expression levels of Chloroplast genes in R22 and R28 showed that both R22 and R28 cells had a higher level of expression for psbA, psbD/C, and rbcL and the 16S and 23S rDNAs when compared with the control cells (Figure 8 ). There was no difference in the Chloroplast DNA copy number between the transformants and the control cells (data not shown).
DISCUSSION
CND41 Is a Nuclear Genome-Encoded Chloroplast Protein
A Chloroplast DNA binding protein was characterized after its isolation from Chloroplast nucleoids, and the corresponding cDNA was obtained from a cDNA library. Like many nuclear genome-encoded proteins that are present in chloroplasts, CND41 is synthesized as a precursor protein because no homology has been found to Chloroplast genome sequences (Shinozaki etal., 1986) .
The localization of CND41 in chloroplasts has been confirmed by two-dimensional PAGE, protein gel blot analysis probed with DNA, and N-terminal amino acid sequencing of purified Chloroplast nucleoid protein (Nakano et al., 1993; this paper) , and the purification of chloroplasts from cultured tobacco cells has been performed by using density gradient centrifugation of cell homogenate and by protein gel blot analysis (data not shown). The sequence in CND41 that E. co//' HU was detected in spinach chloroplasts (Briat et al., 1984) . However, our sequence analysis showed that CND41 has no sequence homology with histones or histone-like proteins. Previous protein gel blot analysis also showed that CND41 has no cross-reactivity with the antibody of £. co// H-NS (Nakano et al., 1993) .
Several motifs are known to occur in DNA binding proteins. The helix-turn-helix motif is widely distributed in DNA binding proteins of prokaryotes and in some homeotic proteins of Drosophila. Computer analysis of our protein's secondary structure based on the method of Chou and Fasman (1978) indicated that two a-helical structures in the N terminus of the lysine-rich region in mature CND41 may be linked by a turn. The regions from amino acid residues 1 to 6 (a helix conformational parameter [P (I ] = 1.13, and p sheet conformational parameter [P p ] = 0.71 by the Chou-Fasman method) and amino acid residues 10 to 18 (P ( , = 1.05, P p = 0.85) showed a high probability of an a-helical structure.
Interestingly, in this motif, the lysine residues are clustered asymmetrically on one face of the helix, and the location of the cluster in the region from amino acid residues 1 to 6 seems to be on the side opposite to the region from amino acid residues 10 to 18. In contrast, the region between amino acid residues 7 and 9 had low probability of an a helix (P (l = 0.73, P p = 0.78), and the seventh amino acid (serine) showed a high turn probability (turn conformational parameter [Pt] = 3.03). This serine residue may represent the turn in the helixturn-helix motif in CND41. In this type of motif, the two a helices generally are linked by a turn structure that consists of approximately four amino acids bearing glycine, serine, threonine, or cysteine residues, with several stereochemical constraints at the turn points (Harrison and Aggarwal, 1990) . In CND41, the motif is located at the N terminus of the mature most probably constitutes the transit peptide is consistent with several consensus features in chloroplast transit peptides (Keegstra et al., 1989) . The transit peptide of CND41 is hydrophobic and rich in serine and threonine residues (22%), as are many transit peptides.
Structural Characteristics, DNA Binding Activity, and Protease Motif
Because of its heterologous expression in £ co// and the results of protein gel blot analysis probed with DNA, the indication is that CND41 has DNA binding affinity. Analysis of truncated forms showed that the lysine-rich region of CND41 is essential for its DNA binding activity. Many proteins recognize and bind to DNA with positively charged residues such as lysine and arginine (Churchill and Travers, 1991) . Typically, histones in the nuclear chromosomes are basic DNA binding proteins of low molecular weight, and their sequences are considerably conserved. In contrast, prokaryotic chromosomes have histone-like proteins (e.g., HU and H-NS). A 17-kD protein that cross-reacts with antiserum prepared against Total RNA was separated and blotted with psbA, psbD and psbC, rbcL, chloroplastic rDNAs (cp. rRNA), and the nuclear 25S rDNA (25S rRNA). X-ray films were exposed for 3 hr (for psbA, rbcL, and cp. rRNA), 6 hr (for psbD and psbC), and 1 hr (for 25S rRNA). WT, wild-type control tobacco; R22 and R28, transgenic tobacco transformed with CND41 antisense genes.
protein; this location might decrease stereochemical constraint.
A zinc finger motif also may be present in CND41. Zinc finger motifs have been identified in many eukaryotic proteins, and most interact with nucleic acids (O'Halloran, 1993) . Of those that are known, the motif presented in CND41 (Cys-X4-Cys-X2-Leu-XS-Cys-X4-Cys-X-Tyr) most closely resembles the motif in the TFlllA of yeast (His-X4-His-X2-Leu/Met-X9-Cys-X4-Cys-X-TyrPhe). Furthermore, the histidine residues in the TFlllA motif substitute for the cysteine residues in CND41, and TFlllA bears nine motifs (O'Halloran, 1993) . The similarity to the mouse immediate early protein, Zif268, which binds DNA by one or two zinc finger motifs and an a helix motif (Pavletich and Pabo, 1991; Schwabe and Rhodes, 1991) , suggests that the zinc finger motif in CND41 may function in DNA binding through an interaction with the helix-turn-helix motif. Another possibility is that in CND41, this motif is involved in the homopolymerization or heteropolymerization of monomers (Schwabe and Rhodes, 1991) .
Our functional analysis showed the general DNA binding activity of the CND41. This and the relative abundance of CND41 in chloroplast nucleoids (Nakano et al., 1993) suggest that the protein functions in the maintenance of the chloroplast nucleoid structure. It is noteworthy that prokaryotic DNA also forms prokaryotic chromosomes (nucleoid) with structural proteins. The two most abundant structural proteins in the E. coli nucleoid, HU and HN-S, function in the regulation of transcription (Higgins et al., 1990; Tanaka et al., 1991) . Their binding to DNA has marked effects on topological DNA changes (i.e., DNA supercoiling and DNA curvature; Broyles and Pettijohn, 1986; Owen-Hughes et al., 1992) . These bacterial DNA binding proteins are also involved in the negative regulation of gene expression. For example, mutation of the H-NS gene (os") induces the derepression of transcription for the osmotically regulated gene (proU; Higgins et al., 1990) as well as the induction of the temperature-regulated genes pap (Goransson et al., 1990) and virR (Dorman et al., 1990) .
Among other interesting predicted structural characteristics is the aspartyl protease motif found in CND41 (Figure 2 ). All active site residues are conserved. Lon protease with DNA binding activity is known in E. coli (Fu et al., 1997, and references therein). Lon contributes to the regulation of severa1 important cellular functions, including radiation resistance, cell division, and proteolytic degradation of certain regulatory and abnormal proteins. Because Lon homologs are also found in severa1 widely divergent bacteria as well as in the mitochondria of yeast and humans, CND41 may be a chloroplastic protease with DNA binding activity.
Accumulation of CND41 and Its Possible Fonctions
Analysis of CND41 accumulation and chloroplast transcripts ( Figure 5 ) suggests possible functions for CND41 in vivo.
Apparently low amounts of CND41 accumulate in photoautotrophic cultured cells and in photosynthesizing leaves, as compared with such tissues as photomixotrophic cultured cells and stems. The greatest accumulation of CND41 was in the heterotrophic cells cultured in the dark, whereas accumulation of the chloroplast transcripts rbcL, psbA, and the 16s rRNA correlated negatively with CND41 accumulation. Recently, lratni et al. (1994) reported that in vivo transcription of the spinach plastid rrn operon may be regulated by the sequence-specific DNA binding factor CDF2, acting as a repressor. CND41 also may be involved in transcription regulation, but it has nonspecific DNA binding specificity.
Our data also suggest that accumulation of CND41 may be induced by sucrose (Figure 5 ; F. Sato, H. Chatani, T.
Shoji, S. Murakami, and T. Nakano, unpublished data). Although recent findings show that the transcription of nuclear-encoded photosynthetic genes is repressed by sugars (Cheng et al., 1992; Harter et al., 1993; Krapp et al., 1993; Jang and Sheen, 1994) , no sugar effect has been reported for the photosynthetic genes encoded on chloroplast DNA. Our results suggest that chloroplast gene expression may be regulated negatively with CND41 by sugars.
Our speculations do not rule out the possibility that CND41 may be a structural protein of the chloroplast nucleoid, as discussed above. The accumulation of CND41 in roots was relatively low. The copy number for chloroplast DNA per cell in our cultured tobacco cells was 10,000 to 26,000, whereas in roots, it is very low (<600) (Cannon et al., 1985 ; Figure 6 ). Because chloroplast nucleoids are thought to consist of chloroplast DNA and CND41, the amount of CND41 may be proportionately lower in the root, but the low abundance of CND41 in our photoautotrophically cultured cells could not be explained by the copy number of the chloroplast DNA in the cell because that number was similar to the number of photomixotrophic cells containing high amounts of CND41 (Figures 5 and 6 ).
The lower correlation between the copy number of chloroplast DNA and CND41 accumulation in the cell indicates that CND41 is not a simple structural protein in the chloroplast nucleoid. The antisense DNA study clearly supports our hypothesis that CND41 would be involved in negative regulation in chloroplast gene expression. Cultured cells with a reduced level of CND41 accumulation showed a higher level of expression for chloroplastic gene transcripts compared with control cells (Figure 8 ). Because these cultured cells were maintained under the same conditions, the increase in chloroplastic transcript levels would reflect the effect of reduced CND41 level on chloroplast gene expression. The small increase of chloroplastic transcripts in comparison with the large reduction of CND41 protein in antisense transgenes suggests that CND41 is only one of the rate-limiting steps for the transcriptional regulation of the chloroplast in cultured cells. Although other factors (e.g., RNA polymerase, its u factor, and/or post-transcriptional regulation) would affect the small accumulation of chloroplast transcripts in cultured cells, CND41 is a unique tool for investigating the function of the chloroplast nucleoid complex in chloroplast differentiation and in plant development.
METHODS
dures (Studier et al., 1990) . cDNAs that coded for the precursor and truncated proteins were prepared by using polymerase chain reaction with four sets of primer and Vent DNA polymerase (New England Biolabs, Beverly, MA; Figure 1 ). Modified cDNAs were cloned into the Ncol and Xhol sites of the . Nucleotide sequences of the inserts were confirmed by sequencing. E. coli (strain BL21 [DE3]) was transformed with the resulting constructs, and expression of the fulllength and truncated CND41 was induced by the addition of isopropyl-P-o-thiogalactopyranoside. E. coli cells were made soluble with 1 mg/mL lysozyme, 0.01 mg/mL DNase, 0.5% deoxycholic acid, and 0.5% Nonidet P-40. The proteins expressed were recovered as inclusion bodies (5 pg) in the presence of 1 % Triton X-100 and then separated by SDS-PAGE and analyzed by Coomassie Brilliant Blue R 250 staining and protein gel blot analysis using 32P-chloroplast DNA probes labeled with a random-primed DNA labeling kit (Boehringer Mannheim), as described by Nakano et al. (1993) .
To determine the binding specificity of CND41 for chloroplast DNA fragments, tobacco chloroplast DNA clones (pTBal , pTB9, pTB13, pTBl9,, pTB26, pTB28, pTX6, and pTS6; Sugiura et al., 1986 ) and pBR322 were digested with adequate amounts of restriction enzyme, and the individual chloroplast DNA inserts were isolated. DNA frdgments for psbA promoter regions from -200 to -100 and from -100 to -1, and a transcribed region from +1 to +100, were amplified by polymerase chain reaction using three sets of primer and Taq DNA polymerase (Takara Shuzo, Kyoto, Japan) from pTB28. Each of the chloroplast DNA fragments and plasmid DNAs was labeled by a random-primed DNA labeling kit (Boehringer Mannheim). Poly(dAdT)-poly(dA-dT) and poly(dG-dC)-poly(dG-dC) copolymers (Pharmacia Biotechnology) were labeled with a Megalabel terminal labeling kit (Takara). Crude protein expressed in E. coli harboring pCNDAl-120 (1 pg for Figure 38 ; 10 pg for Figure 3C ) and calf thymus histones (1 pg for Figure 36 ; 10 pg for Figure 3C ) was analyzed by protein gel blot with 32P-labeled DNA probes.
Plant Material
Photomixotrophic cultured cells of Nicotiana tabacum cv Samsun NN (cell line NI) and nonselected cultured cells of N. sylvestris were maintained under continuous light (~3 0 0 0 lux) in modified Linsmaier and Skoog liquid medium with 3% (w/v) sucrose (Yamada and Sato, 1978) . Heterotrophic cultured cells of N. tabacum cv Samsun NN were maintained in the same medium but in the dark. Photoautotrophic cultured cells of cultivar Samsun NN (cell line NI) were maintained without sucrose under continuous light. These cells were subcultured at 26°C with reciproca1 shaking (100 rpm), as described by Takeda et al. (1990) . lntact plants of N. sylvestris and N. tabacum cv Samsun NN were grown under controlled conditions (Takeda et al., 1990) . All materials were harvested immediately before analysis.
Protein Sequence Analysis
Chloroplast nucleoids were prepared from the purified chloroplasts by stepwise metrizamide density gradient centrifugation. The chloroplast nucleoid DNA binding protein of 41 kD (CND41) was then identified by two-dimensional PAGE and protein gel blot analysis probed with DNA, as described by Nakano et al. (1993) . To determine the amino acid sequence of CND41, proteins in the chloroplast fraction were separated by two-dimensional PAGE and transferred electrophoretically to a nitrocellulose membrane. The CND41 spot was stained with 0.1% Ponceaus-S and then excised from the membrane. The excised spots were treated with the proteinase Lys-C (1 M urea, 5% acetonitrile, 1 mM EDTA, and 100 mM Tris-HCI, pH 8.5) for 15 hr at 37"C, and the digested peptides were separated by reverse-phase HPLC with a linear gradient of acetonitrile from O to 70% in 0.1 % trifluoroacetic acid. The five peptides obtained were sequenced using protein sequencers (models 477A/120A and 473A; Applied Biosystems, Foster C i , CA). N-terminal amino acid sequencing was done on the protein spot on a polyvinylfluoride membrane.
lsolation and Sequence Analysis of cDNA
A cDNA library was constructed from polyadenylated mRNA by using an oligo(dT) primer and a cDNA synthesis kit (System Plus; Pharmacia Biotechnology). RNA was prepared from 5-day-old photomixotrophic cultured cells of tobacco, according to the method of Sambrook et al. (1989) . EcoRl adapters were ligated to cDNAs, and the products were cloned into the EcoRl site of A ZAP II (Stratagene, La Jolla, CA). The recombinant phage DNA was then packaged using Gigapack II (Stratagene). The CND41 cDNA was screened with two oligonucleotide probes designed from the following interna1 amino acid sequences (Figure 1 ): 5'-GG(AG)TC(AG)AA(AGT)ATlGG(TC)TG(TC)TT-3' and 5'-(TC)TTIGC(AG)AA(AG)AAlCC(AGT)ATlGT(AG)AA-3'. Positive clones that hybridized with both probes were isolated. pBluescript SKplasmids were produced. by the in vivo excision procedure. The nucleotide sequences of the isolated clones. were determined in a DNA sequencer (model 3V3A;, Applied Biosystems).
Escherichia coli Expgession and DNA Binding Analysis
Precursor and truncated CND41 proteins were expressed in E. coli by the T7 phage RNA polymerase-driven system, using standard proce-
Antibody Preparation and Protein Gel Blot Analysis
Truncated CND41 that was expressed in E. coli harboring pCND41A1-259 was separated by SDS-PAGE. CND41 excised from the gel was injected into rabbits to obtain the anti-CND41-specific antiserum.
Total proteins were prepared from healthy leaves (<7 cm), roots, stems, and cultured green cells of N. sylvestris and from photomixotrophic, photoautotrophic, and heterotrophic cultured cells of N. tabacum cv Samsun NN, according to Takeda et al. (1990) . The proteins were separated by SDS-PAGE, after which they were electroblotted and then immunoblotted using standard protocols.
To determine the localization of CND41 in chloroplasts, we isolated intact chloroplasts from nonselected cultured tobacco cells. Tobacco cells were homogenized in 0.35 M sorbitol, 50 mM Tris-HCI, pH 8.0, and 10 mM EDTA in a Waring blender for 3 sec. The homogenates were filtered through four layers of Miracloth, and the filtrates were centrifuged on 10 to 87% of Percoll (Pharmacia Biotechnology) density gradient at 8000g for 1 hr at 4°C. The intact chloroplast fraction was collected and analyzed by SDS-PAGE and protein gel blot.
RNA Gel Blot Analysis
Total RNAs were prepared according to the method of Sambrook et al. (1989) from the tissues used for the RNA gel blot analysis (as de-scribed above). RNAs (2 pg) were electrophoresed on a formaldehyde denaturing 1.5% agarose gel in 1 X Mops buffer (20 mM Mops-KOH, pH 7.0,5 mM sodium acetate, and 1 mM EDTA) and then blotted onto a GeneScreen Plus membrane (Du Pont), according to standard protocols (Sambrook et al., 1989) . Full-length fragments of the CND41 cDNA clone, the psbA (pMP111; Sato et al., 1988) , rbcL, psbD, psbC, and 16s rRNA clones @rbcL-F, pTB20, and pl6S; gifts of M. Sugiura and M. Sugita, Nagoya University, Nagoya, Japan), and the Vicia faba nuclear rRNA clone (VER1; Yakura and Tanifuji, 1983) were labeled with phosphorus-32 and used as probes.
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Estimation of Chloroplast DNA Copy Number REFERENCES
Total DNA was prepared according to the method of Sugiura et al. (1986) from tissues used in the protein gel blot analysis (described above). DNAs (0.05, 0.15, and 0.5 Fg) were boiled for 10 min and then blotted onto a Hybond Nf membrane (Amersham) in a vacuum slot blot apparatus (Bio-Rad). DNA gel blot hybridization was done using the standard protocol of Sambrook et al. (1989) . Full-length fragments of rbcL (pTS6; gift of M. Sugiura and M. Sugita) and the Fava bean nuclear rRNA clone (VEM; Yakura and Tanifuji, 1983) were labeled with phosphorus-32 and used as probes. The radioactivity of the bands bound by the DNA probes was measured using a BAS2000 system (Fuji Film Co. Ltd., Tokyo, Japan). The activity of two independent experiments was averaged. The relative chloroplast DNA copy number in the cells was calculated from the nuclear rDNA, with the relative value for leaf cells being taken as 1. The deviation of data was d o % .
Construction of a CND4I Antisense mRNA Expression Vector and Plant Transformation
A 1518-bp fragment containing the complete open reading frame of CND41 was ligated into the BamHI/Sacl-digested plant binary vector pB1121 (Clontech, Palo Alto, CA). The resulting plasmid with a coding sequence in an inverted orientation with respect to the cauliflower mosaic virus 35s promoter of the expression cassette was transferred into Agrobacterium fumefaciens LBA4404. This CND41 antisense gene was then transferred into tobacco (N. tabacum cv Samsun NN) by leaf disc transformation (Horsch et al., 1988) . Transgenic plants were selected based on kanamycin resistance and DNA gel blot hybridization analysis. Transgenic plants with reduced accumulation of CND41 were selected by protein gel blot analysis of their leaf extracts. Cultured cells were induced from selected primary transgenic plants and maintained under continuous light (~3 0 0 0 lux) in modified Linsmaier and Skoog liquid media with 3% sucrose, according to the method described by Takeda et al. (1990) . Tobacco was also transformed with a modified pB1121 vector in which the P-glucuronidase gene was removed, and the cultured cells were used as control cells in protein and RNA gel blot analyses.
